The aim of this study was to relate altered corpus callosum (CC) integrity in 106 very preterm (VPT) infants (<30 weeks' gestational age or <1250 g birth weight) at term equivalent to perinatal predictors and neurodevelopmental outcomes at two years. T1 and diffusion magnetic resonance images were obtained. The CC was traced, and divided into six sub-regions for cross-sectional area and shape analyses. Fractional anisotropy, mean, axial and radial diffusivity was sampled within the CC, and probabilistic tractography performed. Perinatal predictors were explored. The Bayley Scales of Infant Development (BSID-II) was administered at two years. Intraventricular hemorrhage was associated with a smaller genu and altered diffusion values within the anterior and posterior CC of VPT infants. White matter injury was associated with widespread alterations to callosal diffusion values, especially posteriorly, and radial diffusivity was particularly elevated, indicating altered myelination. Reduced CC tract volume related to lower gestational age, particularly posteriorly. Reduced posterior callosal skew was associated with postnatal corticosteroid exposure. This more circular CC was associated with delayed cognitive development. Higher diffusivity, particularly in splenium tracts, was associated with impaired motor development. This study elucidates perinatal predictors and adverse neurodevelopmental outcomes associated with altered callosal integrity in VPT infants.
Introduction
Very preterm (VPT) infants born <30 weeks' gestational age (GA) or weighing <1250 g at birth are at risk for adverse neurodevelopmental outcome, which is mediated by alterations in cerebral development in the neonatal period. Perinatal variables related to alterations in cerebral development are not fully understood but may include the following: respiratory disease such as bronchopulmonary dysplasia (BPD) (Anjari et al., 2009 ); exposure to postnatal corticosteroids (PCS), which are used to treat BPD (Halliday et al., 2009a) ; infection, such as necrotizing enterocolitis and sepsis (Shah et al., 2008) ; immaturity at birth; low birth weight (BW); and cerebral injury such as white matter injury (WMI) and intraventricular hemorrhage (IVH).
VPT infants are born during a sensitive time of brain development, and are vulnerable to hypoxia-ischemia and infection. Periventricular leukomalacia (PVL) is the most common form of brain injury in the VPT infant, and pre-oligodendrocytes are particularly vulnerable (Volpe, 2009) . Importantly, VPT infants have high rates of adverse long term neurodevelopmental outcomes with up to 15% of VPT infants being diagnosed with cerebral palsy (CP) and a further 50% having significant deficits including visual-motor problems, attention difficulties, impaired memory, delayed language skills and executive dysfunction (Holsti et al., 2002) . Such neurodevelopmental delays lead to considerable educational burden, with both economic and social implications (Doyle, 2004) .
The corpus callosum (CC) is the major inter-hemispheric commissure that connects the majority of the neocortical areas (Schmahmann and Pandya, 2006) and is the largest WM fibre bundle in the human brain. The CC is important for inter-hemispheric communication of sensory, motor and higher-order information. Deficits in the CC have been previously implicated in delayed motor functioning (Rademaker et al., 2004) , and reduced intelligence quotient (Caldu et al., 2006) , which are problems VPT infants often display. Therefore, alterations to the CC in VPT infants may contribute to later adverse neurodevelopmental outcomes.
Magnetic resonance imaging (MRI) is a safe and non-invasive tool to study the development of the VPT brain in vivo. MR image analysis techniques can detect and quantify the size and morphological characteristics of WM structures within VPT infants. In conjunction with structural MRI, diffusion tensor imaging (DTI) provides insight into the micro-structure and connectivity of WM tracts (Pierpaoli et al., 1996) . The literature is consistent in confirming that WM anisotropy increases, and overall diffusivity decreases with increasing age and maturation (Huppi et al., 1998; Schneider et al., 2004) . Furthermore, both axial diffusivity (λ || ) and radial diffusivity (λ ⊥ ) decrease with age and maturation as water content decreases and myelination increases (Partridge et al., 2004) . Thus, higher λ || and λ ⊥ in infants likely represents immaturity of the WM.
It has previously been shown in children, adolescents and adults that prematurity is associated with a smaller CC size (Caldu et al., 2006; Lawrence et al., 2010; Narberhaus et al., 2007; Nosarti et al., 2004; Peterson et al., 2000) , and altered diffusion characteristics (Andrews et al., 2009; Constable et al., 2008; Kontis et al., 2009; Nagy et al., 2009; Nagy et al., 2003) . A few studies have reported altered CC diffusion in VPT infants (Anjari et al., 2007; Rose et al., 2008; Skiold et al., 2010) . One study found VPT males had delayed splenium development on diffusion imaging (Rose et al., 2009 ). We recently reported that VPT infants had smaller corpora callosa, particularly for the mid-body and posterior subregions, and the shape was more circular compared with full-term infants. Further, we found that fractional anisotropy (FA) was lower, mean diffusivity (MD), λ || , and λ ⊥ were higher, particularly posteriorly, and CC connectivity was reduced (Thompson et al., 2011) . However no study to date has assessed associations between altered callosal measures obtained from structural MRI and DTI at term-equivalent, perinatal variables and neurodevelopmental outcomes. Thus, the aims of this study were to determine the perinatal correlates for changes to VPT CC development, and to associate alterations in CC development at term with functional outcomes at 2 years of age. It was hypothesized that CC size reductions and shape alterations would be associated with younger GA and WMI, and that males would have smaller posterior CC sub-regions. It was also hypothesized that reduced FA values, increased MD, λ || , and λ ⊥ within the VPT CC and callosal tracts, and reduced interhemispheric tract volume would relate to WMI. Regarding neurodevelopmental outcomes, the hypotheses were that altered CC area, shape, diffusion and tractography measures would relate to adverse cognitive and motor functioning at 2 years, where anterior regions of the CC would relate to cognitive measures, while posterior regions would relate to motor scores.
Materials and methods

Subjects and scanning
A prospective observational cohort study was conducted at the Royal Women's Hospitals in Melbourne, Australia between July 2001 and December 2003. Of 348 eligible VPT infants (<30 weeks' GA and/or <1250 g at birth), 227 VPT infants (65% of those eligible) were recruited, as described previously (Thompson et al., 2011) . Infants with congenital anomalies were excluded (3%). There were no significant differences between infants recruited or not included for sex, GA at birth, BPD (defined as requirement for oxygen at 36 weeks' GA), grade III or IV IVH, or cystic PVL. Informed parental consent was obtained and the study was approved by the Research and Ethics Committee at the Royal Women's Hospital, Melbourne. A total of 106 stable VPT infants were able to be analyzed for the current study (47% of those recruited). The reasons for non-inclusion were that DTI was not attempted (34%), DTI was unsuccessful or of insufficient quality for further analysis (17%), or structural MRI was unsuccessful or of insufficient quality (2%) largely due to movement or imaging artifact. There were no significant differences between infants included or not included for sex, GA at birth, BPD, grade III or IV IVH, or cystic PVL.
MRI acquisition and pre-processing
All infants were scanned at term equivalent (median 40, range 38-42 weeks' GA) in a 1.5 T General Electric MRI scanner. Infants were fed and tightly swaddled, immobilized in a vacuum fixation bean-bag and scanned during natural sleep, without sedation. Whole brain structural 3D T1 spoiled gradient recalled images (0.8-1.6 mm coronal slices; flip angle 45°; repetition time (TR) 35 ms; echo time (TE) 9 ms; field of view (FOV) 210 × 157 mm; matrix 256 × 192; in plane voxel dimensions 0.82 mm 2 ), T2 dual echo fast spin echo images with interleaved acquisition (1.7 -3 mm coronal slices; TR 4000 msec; TE 60 / 160 msec; FOV 220 × 165 mm; matrix 256 × 192, interpolated 512 × 512; in plane voxel dimensions 0.43 mm 2 ), and linescan diffusion images (4 -6 mm axial slices; 2 baselines, b = 5 s/mm 2 ; six non-collinear gradient directions, b = 700 s/mm 2 ; in plane voxel dimensions 0.86 mm 2 ) were acquired.
Post-acquisition MRI analyses were undertaken on sun Microsystems workstations (Palo Alto, CA). T1-weighted and diffusion images were pre-processed and aligned as previously described (Thompson et al., 2011) . In short, T1 images were aligned to the anterior commissure to posterior commissure line (AC-PC) (Talairach and Tournoux, 1988 ) and brain extraction was achieved by creating an intracranial cavity mask (Kikinis et al., 1992) . Diffusion weighted images were preprocessed using the Oxford centre for functional magnetic resonance imaging of the brain software library (FSL), correcting for eddy current distortions (Jenkinson and Smith, 2001) , creating a binary brain mask (Smith, 2002) , fitting the diffusion tensor model (Behrens et al., 2003) , and estimating probabilistic diffusion orientation and diffusion parameters (Behrens et al., 2003) . The diffusion images were coregistered with the AC-PC aligned T1 structural images using FSL's linear registration tool (Jenkinson and Smith, 2001 ).
Corpus callosum structural measures
Corpora callosa were manually delineated on the mid-sagittal slice of the AC-PC aligned T1-weighted image using 3D slicer software (www.slicer.org). The operator (D.K.T) was blind to all perinatal data, and neurodevelopmental test results. Each CC was delineated twice, and the overlap of the two delineations was obtained and used as the final mask. Reliability, as measured by intraclass correlation coefficient, was 0.84 (95% CI 0.45, 0.95; p=0.003), and the Dice overlap score (Pfefferbaum et al., 2006) was 0.89 (range 0.82 to 0.96, SD 0.04). The CC mask was sub-divided at intervals of one sixth, one third, one half, two thirds, and four fifths the distance from the most anterior to most posterior points, creating regions representing the genu, rostral body, anterior mid-body, posterior mid-body, isthmus and splenium, based on well established schemes (Hofer and Frahm, 2006; Witelson, 1989) as previously described (Thompson et al., 2011) . The cross-sectional area of the whole CC and all sub-regions were corrected for the cross-sectional area of the intracranial cavity measured on the mid-sagittal slice from which the CC was delineated, as previously described (Thompson et al., 2011) .
Measures of CC shape for this cohort have been previously described in detail (Thompson et al., 2011) . In brief, CC eccentricity was measured by fitting an ellipse to each CC mask and calculating the ratio between the semi and major axes. CC skew was calculated by dividing the CC midway between two end points and determining the area under the curve of the most anterior and most posterior segments.
Diffusion measures and tractography within the corpus callosum
The CC region of interest (ROI) was overlaid onto the diffusion map that had been registered to the AC-PC aligned T1 image. MD, FA, λ || , and λ ⊥ (calculated as the average of λ 2 and λ 3 : (λ 2 +λ 3 )/2) were quantified within the CC ROI, genu, rostral body, anterior midbody, posterior mid-body, isthmus and splenium.
Probabilistic tractography was carried out using FSL's Diffusion Toolbox (Behrens et al., 2003) , with a curvature threshold of 0.2, 5000 samples, with 1800 steps of 0.4 mm. The CC ROIs were used as seed masks. Measures of connectivity were made by taking the volume of tracts that had been normalized by the number of voxels in the CC ROI, and thresholded as previously described (Thompson et al., 2011) . Diffusivity measures (FA, MD, λ ⊥ , and λ || ) within the tracts were obtained.
Perinatal data and neurodevelopmental outcomes
Perinatal data were established by chart review. Data were recorded on GA at birth, sex, birth weight (BW), birth weight standard deviations score (BWSDS), infection, BPD, PCS, grade III or IV IVH and WMI. BWSDS was computed relative to the British Growth Reference data (Cole et al., 1998) . Intrauterine growth restriction was defined as a BWSDS more than 2 SD below the mean weight for GA. Neonatal infection was defined as one or more episodes of proven necrotizing enterocolitis and/or one or more episodes of proven sepsis. IVH was recorded as the highest grade from serial ultrasound scans throughout the neonatal intensive care course. WMI was graded qualitatively from MRIs by two blinded independent readers, including a qualified neonatal neurologist (T.E.I) and a trained neonatologist (R.W.H). WM was scored between 1 and 3 for five variables: WM signal abnormality (shortening of T1-weighted images), reduction in WM volume, presence of cystic abnormality, lateral ventricular size, and CC/myelin maturation, as previously reported and validated (Inder et al., 2003; Woodward et al., 2006) . As there was overlap with the CC measures in the current study, the CC/myelin maturation variable was disregarded to create a WMI scale ranging from scores of 4 to 12. The median score was 6, and therefore WMI was dichotomized into two categories: lower WMI score (≤6, n=57), or higher WMI score (>6, n=46).
At two years' corrected age, infants were assessed for developmental delay using the Bayley Scales of Infant Development -2 nd Edition (BSID-II) (Bayley, 1993) . Assessors were blinded to all perinatal data. The BSID-II has two indices: the Mental Developmental Index (MDI) and the Psychomotor Developmental Index (PDI). Cognitive development, including language, reasoning ability, memory and learning was assessed by the MDI. Motor development, including gross and fine motor skills was evaluated by the PDI. Children who scored below the lower limit of published normative data were assigned a standardized score of 45, consistent with previous procedures . Those too impaired to complete the test were assigned a standardized score of 40, four standard deviations less than the mean. A diagnosis of definite or probable CP was also made at two years' corrected age according to standardized neurological examination.
Statistical analyses
Data were analyzed using SPSS version 15.0 (SPSS, Chicago, IL), SAS version 8 (SAS Institute Inc., Cary, NC) and Matlab Release 2008b (http://www.mathworks.com). Exploratory analyses were performed on all data to assess normality, homogeneity of variance, linearity, and multi-collinearity as appropriate. Correction for multiple comparisons was achieved by using an alpha level of p<0.01 as the cut-off for statistical significance.
The relationships between CC measures and perinatal variables were initially determined by stepwise linear regression where clinically important variables were provided, but only those that were statistically significant were included in the model. Variables included GA, sex, BWSDS, BPD, PCS therapy, infection, IVH, and WMI (excluding CC aspect). Furthermore, an adjusted standard multivariate regression was performed where GA at MRI was included in the model, as well as all perinatal variables in order to adjust for their effect. The regression coefficients (β) were used to describe mean difference change in the dependent variables per unit change in the independent variables.
The relationships between neurodevelopmental outcomes (MDI, PDI or CP) and VPT infants CC structural and diffusion measures were carried out initially using univariate linear regression. Perinatal variables that were related to the MDI, PDI, or CP were determined using stepwise linear regression. Male sex, PCS, and WMI were related to lower MDI, while PCS was related to lower PDI. No perinatal predictors related to CP. The perinatal variables that were related to the outcome measure of interest were then included in the final multivariate model, along with GA at MRI, to adjust for their effects while examining the relationships between neurodevelopmental outcomes and CC measures. (Table 1 )-Data were analyzed on 106 VPT infants. Characteristics of the cohort studied are reported in Table 1 .
Results
Subjects
Perinatal correlates
Corpus callosum structure (Table 2) -After adjustment for multiple comparisons, GA at MRI and other clinically relevant perinatal variables, grade III or IV IVH was associated with smaller cross-sectional callosal areas for the genu of VPT infants. PCS was related to reduced posterior skew of the CC (Table 2 ). There was a trend toward an association between male sex and a smaller posterior mid-body cross-sectional area (Table 2) .
Apart from the significant associations with perinatal predictors and CC structure before adjustment reported in Table 2 , increased rostral body area was also associated with increased GA [β (95% CI): 0.33 (0.09, 0.57); p = 0.008], but the association was no longer statistically significant once adjusting for GA at MRI and other perinatal variables (p = 0.2). There were no clear associations between CC structural measures and either BPD, infection, BWSDS, or WMI. (Table 3) -After covarying for GA at MRI and other perinatal variables, WMI was significantly related to lower FA values within the whole CC, genu, and anterior mid-body of VPT infants at the alpha level p < 0.01 (Table 3) .
Corpus callosum diffusion
IVH was significantly related to reduced FA within the whole CC and the splenium of VPT infants, with a trend toward reduced FA within the genu and higher λ ⊥ within the splenium after correcting for GA at MRI and other perinatal variables (Table 3) .
After correcting for GA at MRI and other potential perinatal confounders, infection trended toward a positive relationship with MD and λ ⊥ values within the splenium (Table 3) .
Diffusion values within the CC and sub-regions that were not significantly related to any perinatal predictors are not reported. There were no clear statistically significant relationships between diffusion values within the CC and GA, sex, BWSDS, BPD, or PCS. No perinatal variables were related to isthmus diffusion values. Neither were there any clear statistically significant associations between perinatal variables and λ || values. (Tables 4 and 5 )-GA at birth was related to callosal tract volume. Larger volumes of fibre tracts radiating from the whole CC were significantly associated with a later GA (Fig. 1A ,B), even after adjustment for GA at MRI and other perinatal variables (Table 4 ). In particular, larger splenium tract volumes were related to a higher GA, even after adjustment (Table 4) . There was also a trend toward larger genu and rostral body tract volumes with higher GA (Table 4 ). There were no clear associations between perinatal variables and tract volume within the posterior mid-body or isthmus.
Inter-hemispheric fibre bundles
WMI was significantly associated with lower FA within the VPT infant tracts originating from the whole CC, isthmus and splenium with a trend for the rostral body, and posterior mid-body, once GA at MRI and other perinatal variables were covaried (Table 5) . WMI was associated with higher MD in all callosal tracts, except those of the rostral body (and a trend for the anterior mid-body), after adjustment (Table 5 ). Higher λ || values within the tracts of the posterior mid-body and isthmus were associated with WMI, and these associations remained significant after adjustment (Table 5) . WMI was also related to increased λ ⊥ values within the tracts of the whole CC, including all sub-regions (excepting a trend for rostral body), after covarying for GA at MRI and other perinatal variables (Table 5) .
IVH was related to higher MD and λ ⊥ values within the tracts of the VPT infants genu, rostral body, and splenium, and the association remained significant after correction for GA at MRI and the effect of other perinatal variables (Table 5 ). There was a trend for higher λ ⊥ in the whole CC associated with IVH. IVH also significantly correlated with higher λ || values within the splenium, and this association remained significant after adjustment (Table  5 ). There was a trend toward higher λ || values in the genu and rostral body of infants with grade III or IV IVH after adjusting for GA at MRI and other perinatal variables (Table 5 ).
There was some evidence that BPD was related to higher diffusivity values within the posterior mid-body of VPT infants. Specifically, BPD was related to higher MD values within the posterior mid-body tracts [mean (SD): no BPD 1.63 (0.11), BPD 1.70 (0.14) ×10 −3 mm 2 /s; β (95%CI): 0.06 (0.006, 0.11); p = 0.004]. However this association did not remain statistically significant once GA at MRI and other perinatal variables were included in the model.
Neurodevelopmental outcomes
From the perinatal predictors tested, male sex, PCS, and WMI were related to lower MDI, while PCS was related to lower PDI. However no perinatal variables related to CP. Therefore the relevant perinatal variables were adjusted for in the following analyses, and GA at MRI was also included in the final model.
Corpus callosum structure-There were no substantial relationships between neurodevelopmental outcomes (MDI or PDI) and the cross-sectional area of the whole CC or any of the relevant sub-regions within VPT infants once correcting for GA at MRI and other relevant perinatal variables. There was a significant positive correlation between VPT infants' skew measures and the MDI. The more the infant's CC was skewed toward the posterior, the higher the MDI scores Corpus callosum diffusivity-There were no clear significant relationships between MDI, PDI or CP for any diffusivity values within the whole CC or sub-regions of VPT infants after adjustment for GA at MRI and relevant perinatal variables.
Inter-hemispheric fibre bundles (Table 6 )-There was a trend toward higher MDI scores being related to higher FA values within the tracts of the whole CC, and particularly the anterior mid-body after adjustment for GA at MRI, sex, PCS and WMI (Table 6 ). Before adjustment, there was an additional significant positive relationship between MDI and splenium FA, as well as a trend for posterior mid-body and isthmus FA. Furthermore, before adjustment, there was a trend toward negative relationships between MDI and λ ⊥ within the splenium tracts (Table 6A) .
Higher PDI scores, and hence better motor outcomes, were significantly related to lower MD and λ ⊥ within the tracts originating from the splenium. These associations remained statistically significant after adjustment. Furthermore, higher PDI scores were related to lower λ || within the splenium tracts (with only a trend after adjustment), and there was a trend toward an association between higher PDI scores and lower λ ⊥ values within the whole CC tracts (Table 6B) .
Discussion
Summary of results
Alterations to callosal morphology in VPT infants were related to IVH and PCS, and to a lesser extent male sex. Abnormal microstructure of the CC was associated mainly with WMI and IVH, and to a lesser extent infection, while inter-hemispheric connectivity was reduced in VPT infants born at a younger GA. There was evidence that CC shape alterations were associated with later cognitive impairment, and that microstructural alterations within the callosal tracts were associated with motor impairment at 2 years of age.
Perinatal predictors
Intraventricular hemorrhage-Grade III or IV IVH within VPT infants was associated with a smaller cross-sectional area, and the genu appeared particularly vulnerable. IVH has previously been associated with CC structural abnormalities in VPT infants (de Vries et al., 1998) . De Vries et al. showed that thinning of the CC was evident in the vast majority of VPT infants with a large IVH (de Vries et al., 1998) . A related study showed that VPT adolescents who had experienced periventricular hemorrhage had a greatly reduced CC area (Nosarti et al., 2004) . Anisotropy was lower within the CC ROI in association with grade III or IV IVH in VPT infants, particularly at the splenium, and to a lesser extent the genu. IVH was also related to increased MD, λ || and λ ⊥ values in VPT infant's callosal tracts, indicating abnormal microstructure. IVH was mainly associated with alterations to the fibres running through the ends of the CC, namely the genu, rostral body and splenium. These results indicate that microstructure and organization of tracts connecting left and right prefrontal, premotor, sensorimotor, occipital and inferior temporal cortices are compromised by IVH in VPT infants. Myelination of the occipital and inferior temporal inter-hemispheric tracts also appears to be disrupted or delayed in VPT infants with a grade III or IV IVH. Severe IVH is known to affect both local and distant cerebral regions (Chua et al., 2009; Luciano et al., 2007; Tam et al., 2009) . Considering the CC forms the roof of the anterior horns, body and part of the posterior horns of the lateral ventricles, it follows that the CC is vulnerable to IVH, particularly in relation to post-hemorrhagic ventriculomegaly (Juliet et al., 2009; Luciano et al., 2007) . The vulnerability of the anterior and posterior-most ends of the CC is possibly a result of active organization and pre-myelination of these regions during perinatal development (Gilmore et al., 2007; Hofer and Frahm, 2006; Huppi and Dubois, 2006; Partridge et al., 2004) . Another possible explanation is that IVH selectively affects the small diameter fibres of the CC, common at the 'extremities' (Aboitiz et al., 1992; LaMantia and Rakic, 1990; Yazgan et al., 1995) . Until now, CC microstructure had not been examined in relation to IVH in VPT infants.
White matter injury-WMI was uniquely associated with abnormal microstructure of the CC ROI, specifically reduced anisotropy within the genu and anterior mid-body. Within the VPT infants' callosal tracts, WMI was related to a reduced FA and increased λ || in the whole CC, particularly the posterior half (isthmus and splenium, with a trend for posterior midbody), as well as a widespread increase in MD and particularly λ ⊥ values. This indicates that WMI interferes with the maturation of the CC, including its microstructural organization and myelination. The mechanisms by which this injury may occur include hypoxic-ischemia, infection and inflammation, which lead to excitotoxicity, and potentially necrosis, apoptosis, astrogliosis and microgliosis as well as damage to and reduction of pre-myelinating oligodendrocytes (Volpe, 2009 ).
Although all sub-regions of the CC appear affected in some way, the greatest association with WMI was in the posterior regions connecting inter-hemispheric somatosensory, temporal, parietal and occipital cortices. Posterior callosal regions are first to myelinate during development (Bloom and Hynd, 2005; van der Knaap and Valk, 1995) , which may explain why microstructural alterations as a result of WMI during the preterm period are particularly evident in these regions at term equivalent. WMI has not been previously studied in relation to callosal diffusion characteristics in VPT infants, however altered λ ⊥ in the splenium of VPT infants has been associated with WM signal abnormality (Counsell et al., 2006) . Furthermore, Benjak et al. found that PVL caused by hypoxia-ischemia in VPT infants damaged the CC, being topographically close to the lateral ventricles (Benjak et al., 2008) . No studies have reported the effects of WMI on CC tractography findings in VPT infants. However, studies specifically examining PVL have found that the commissural fibres are frequently injured (Davatzikos et al., 2003; Nagae et al., 2007) . Related studies have shown that PVL in children is associated with adverse CC tractography measures in the genu (Fan et al., 2006) and splenium (Davatzikos et al., 2003; Fan et al., 2006; Nagae et al., 2007) . Furthermore, higher MD values are evident in the callosal tracts of children with mild ventriculomegaly (Gilmore et al., 2008) .
Postnatal corticosteroids-PCS exposure was uniquely associated with reduced posterior skew of the CC. The CC grows from anterior to posterior, so the later developing posterior region is likely more vulnerable during the preterm period, when PCS are administered. A possible explanation for reduced posterior skew is that fewer interhemispheric fibres extend into the posterior section of the CC during development. Shape measures may be a sensitive marker for morphological changes to the CC, reflecting underlying regional alterations to fibre organization or myelination. Reduced posterior skew has previously been reported in VPT compared with full-term (FT) infants, making the CC appear more circular (Thompson et al., 2011) , and the current study suggests this alteration may be mediated by PCS exposure. Early PCS exposure (Halliday et al., 2009a) , and to some extent late exposure (Halliday et al., 2009b) , is thought to negatively affect brain development. However, very little literature exists relating PCS exposure to CC alterations. Before adjustment for other perinatal variables, BPD was related to microstructural alterations of the posterior mid-body tracts. Together these results would indicate an adverse affect of BPD, or the PCS used to treat this condition, on the posterior sub-regions of the CC. In contrast, Anjari and colleagues associated respiratory disease with reduced FA in the anterior portion (genu) of the CC in VPT infants (Anjari et al., 2009 ).
Sex-Male sex was associated with a smaller posterior mid-body in VPT infants, remaining a trend after adjustment for other perinatal variables. The posterior mid-body connects somatosensory and posterior parietal regions of the brain, involved in sensory integration. The only previous study comparing sex effects within VPT corpora callosa found that VPT males had delayed splenium development on diffusion imaging, which was associated with a higher rate of neurodevelopmental abnormalities (Rose et al., 2009) . Previous studies of sex differences in the CC have also suggested that females and males generally differ in the posterior sub-regions (Allen et al., 1991; DeLacoste-Utamsing and Holloway, 1982; Dubb et al., 2003) . Such sex specific alterations to the CC may partially relate to the vulnerability of VPT males to adverse neurodevelopmental outcomes. The neurobiological basis for this remains unknown.
Infection-There was some evidence that infection was related to increased MD and λ ⊥ values within the splenium of the CC, suggesting there may be increased water content and delayed or disrupted myelination of the CC region connecting occipital and inferior temporal inter-hemispheric areas. Although not specific to the CC, the only study to examine sepsis and necrotizing enterocolitis in VPT infants associated infection with a greater risk of motor impairment at 2 years of age; however this relationship appeared to be mediated by WM abnormality (Shah et al., 2008) .
Gestational age-A younger GA was associated with significantly fewer interhemispheric tracts, particularly those of the splenium and to a lesser extent the genu and rostral body at the 'extremities' of the CC, indicating that inter-hemispheric connectivity is more disrupted the earlier the VPT infant is born. These earlier organizing, small diameter fibres common at the 'extremities' of the CC appear more vulnerable the earlier the VPT infant is born. Although no studies have examined the effects of GA on CC tracts per se, younger GAs have been associated with a slower rate of callosal growth, and hence smaller callosal size in VPT infants (Anderson et al., 2005; Anjari et al., 2007) , adolescents (Caldu et al., 2006; Narberhaus et al., 2007) , and adults (Lawrence et al., 2010) . In particular, Narberhaus et al., reported a smaller genu, anterior mid-body, posterior mid-body, isthmus, and splenium in association with lower GA in VPT adolescents (Narberhaus et al., 2007) . Thus it is possible that CC reduction in VPT infants who are born earlier is not compensated for during childhood.
Neurodevelopmental outcomes-This study did not find any associations between CC size and neurodevelopmental functioning at two years. In contrast, previous studies have found associations between the size of the CC and motor performance in 2 year old ) and 7-8 year old VPT children (Rademaker et al., 2004) , general cognition in 8 year old VPT children (Peterson et al., 2000) , IQ and everyday memory performance in VPT adolescents (Caldu et al., 2006) , and language functions in adolescent boys born VPT (Nosarti et al., 2004) .
Reduced posterior skew in VPT corpora callosa was associated with impaired cognitive development. Reduced posterior skew has been reported in VPT compared with FT infants (Thompson et al., 2011) , and thus it appears there are functional consequences to altered callosal curvature. A possible explanation for the association between skew and cognition is that reduced posterior skew equates to reduced interhemispheric connectivity between the posterior parietal, temporal and occipital cortical regions associated with sensory processing, language, memory, hearing and vision. Although no studies have examined callosal shape in relation to prematurity, thinning of the CC has been previously associated with CP (Iai et al., 1994) , altered CC morphology in children with PVL has been associated with motor and cognitive impairment (Davatzikos et al., 2003) , and more circular CC morphology has been associated with impairment on phonological tests in adult males with developmental dyslexia (Robichon and Habib, 1998 ).
Higher diffusivity values in the splenium tracts were associated with lower PDI scores, and hence altered motor development. Previously we have shown that VPT infants' callosal tract microstructure was altered compared with FT infants, particularly for posterior connections (Thompson et al., 2011 ) and the present results suggest there are functional consequences to these alterations. The splenium connects the occipital lobe and inferior temporal cortices, and is traditionally thought to transfer visual information (Gazzaniga and Freedman, 1973) . There is a large component of motor coordination that relies upon visual processing, and it appears that motor functions in VPT infants rely on the integrity of callosal tracts involved in lateralization of vision. Similarly to the current results, Rose et al. associated reduced splenium anisotropy in VPT males with a higher incidence of abnormal neurodevelopment at 1-½ years of age (Rose et al., 2009) . Studies examining healthy subjects have associated lower anisotropy within various regions of the CC with motor skills and bimanual coordination (Johansen-Berg et al., 2007) , as well as visually guided motor task performance (Wahl et al., 2007) .
Adverse functioning as a result of altered connectivity and structural organization of the CC likely relates to reduced inter-hemispheric transfer times. Westerhausen et al. found negative correlations between MD and inter-hemispheric transfer time, concluding that stronger callosal connectivity allows for better or faster inter-hemispheric transfer time (Westerhausen et al., 2006) .
Limitations
Infants of this cohort were scanned over a long time frame, during which upgrades in scanning protocols were made. This resulted in a range of slice thicknesses within our cohort which possibly led to inconsistencies and bias in volume measurements. However, approximately equal numbers of infants in each group were scanned with the different slice thicknesses, minimizing the likelihood of confounded results. Furthermore, the CC was traced on the sagittal plane of coronally acquired T1 images, and considering voxels were not isotropic, partial volume artifacts are likely.
There are important technological limitations to the diffusion acquisition utilized in this study. DTI was acquired in only 6 non-collinear directions, which is reportedly sub-optimal for robust tractography and rotationally invariant diffusivity measures (Jones, 2004) . While multi-tensor models are suggested for resolving crossing fibres, tractography for dominant fibre pathways such as the CC, with few crossing fibres, are unlikely to gain from such a technique . Regardless, the DTI results presented in this study require confirmation by other studies using more technologically advanced DTI acquisition protocols, higher field strength, increased image resolution, more gradient directions, and improved signal to noise ratio, as well as more advanced analysis algorithms and techniques.
There is rapid maturation and a dramatic decrease in brain water content with increasing GA during the perinatal time period (Huppi and Dubois, 2006; Mukherjee et al., 2002; Neil et al., 1998; Partridge et al., 2004) . As a result, there may be changes in diffusivity measures over the 4 week GA range at which the infants were scanned, which was a possible confounder. Therefore, GA at MRI was statistically corrected for in this study.
The relatively generalized PDI and MDI tests at only 2 years of age are insufficient to pick up the specific functional outcomes related to each CC sub-region. The infants in the current study are being reassessed at 7 years of age with MRI, DTI and comprehensive neurodevelopmental tests.
Conclusion
IVH in VPT infants was related to smaller CC size, and abnormal diffusivity values within the CC ROIs and the callosal tracts, particularly at the anterior and posterior ends. As hypothesized, WMI was also a major perinatal predictor associated with widespread alterations to CC microstructural development in VPT infants. VPT infants who were male, born at an earlier GA, or exposed to PCS or infection also had more vulnerable corpora callosa.
This study has provided evidence for poorer cognitive and motor outcomes associated with alterations to callosal morphology and microstructure in VPT infants, which likely result from poorer inter-hemispheric transfer time and slower information processing.
Previously we have shown how the CC is affected by prematurity, with a smaller overall size, less posterior skew, and altered diffusion properties, particularly within posterior subregions (Thompson et al., 2011) . The current study reveals possible perinatal causes and functional consequences for these alterations.
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Research Highlights
• We associated corpus callosum measures in very preterm infants with perinatal predictors
• Intraventricular hemorrhage and white matter injury associate with corpora collosa
• This indicates altered development, microstructural organization and myelination
• We also associated infant corpus callosum measures with 2 year neurodevelopment
• Altered callosal shape and microstructure associated with cognitive and motor delay Probabilistic fibre tracts of the corpus callosum overlaid on the T1 image for very preterm infants of 29 weeks' gestational age (A) and 25 weeks' gestational age (B). Table 1 Perinatal and demographic characteristics of the very preterm infant cohort.
Characteristic Preterm, n=106
Table 2 Comparison of structural corpus callosum measures between very preterm infants with or without grade III or IV intraventricular hemorrhage (IVH), females and males, and those exposed to postnatal corticosteroid (PCS) or not. Comparison of diffusion measures within the corpus callosum and sub-regions between very preterm infants with high or low white matter injury (WMI) scores, grade III or IV intraventricular hemorrhage (IVH), or infection. Relationships between gestational age at birth and callosal tract volumes: whole corpus callosum (CC) and sub-regions. b Adjusted for gestational age at MRI as well as other clinically relevant perinatal variables: gestational age at birth, gender, birth weight standard deviation score, bronchopulmonary dysplasia, postnatal corticosteroids, infection, intraventricular hemorrhage, and white matter injury. CI = Confidence interval, RB = rostral body, AMB = Anterior mid-body, PMB = Posterior mid-body, N/A = not applicable (no significant perinatal predictors), β = regression coefficient, which indicates the amount of change in the dependent variable for each unit change in the independent variable. Bolded = significant at p <0.01 level (corrected for multiple comparisons).
Table 5
Correlations between diffusion measures within the corpus callosum (CC) and callosal sub-regional tracts of very preterm infants with high or low white matter injury (WMI) scores, or grade III or IV intraventricular hemorrhage (IVH). indicates the amount of change in the dependent variable for each unit change in the independent variable. Bolded = significant at p <0.01 level (corrected for multiple comparisons). Table 6 (A)Relationships between mental developmental index (MDI) and diffusion measures within the callosal tracts: whole corpus callosum (CC) and subregions. (B) Relationships between psychomotor developmental index (PDI) and diffusion measures within the callosal tracts: whole CC and sub-regions. Neuroimage. Author manuscript; available in PMC 2013 February 15.
